A rapid and reliable method for the identification of five clinically relevant G genotypes (G1 to G4 and G9) of human rotaviruses based on oligonucleotide microarray hybridization has been developed. The genotypespecific oligonucleotides immobilized on the surface of glass slides were selected to bind to the multiple target regions within the VP7 gene that are highly conserved among individual rotavirus genotypes. Rotavirus cDNA was amplified in a PCR with primers common to all group A rotaviruses. A second round of nested PCR amplification was performed in the presence of indodicarbocyanine-dCTP and another pair of degenerate primers also broadly specific for all genotypes. The use of one primer containing 5-biotin allowed us to prepare fluorescently labeled single-stranded hybridization probe by binding of another strand to magnetic beads. The identification of rotavirus genotype was based on hybridization with several individual genotype-specific oligonucleotides. This approach combines the high sensitivity of PCR with the selectivity of DNA-DNA hybridization. The specificity of oligonucleotide microchip hybridization was evaluated by testing 20 coded rotavirus isolates from different geographic areas for which genotypes were previously determined by conventional methods. Analysis of the coded specimens showed that this microarray-based method is capable of unambiguous identification of all rotavirus strains. Because of the presence of random mutations, each individual virus isolate produced a unique hybridization pattern capable of distinguishing different isolates of the same genotype and, therefore, subgenotype differentiation. This strain information indicates one of several advantages that microarray technology has over conventional PCR techniques.
Rotaviruses are the most important etiological agents of severe diarrhea in infants and young children in both developed and developing countries (15) . The rotavirus outer capsid proteins VP4 and VP7 represent neutralization antigens that are the basis for the classification of rotaviruses by P and G serotypes, respectively. VP4-and VP7-specific antibodies provide serotype-specific protection against rotavirus diarrhea (14) . Accurate and rapid serological identification is important for the diagnosis of rotavirus infections, host range determination, and global epidemiological surveillance. It is also an important part of molecular epidemiology and can be used for tracing lines of viral transmission, monitoring molecular evolution, identifying new strains, and determining genotype distribution in clinical trials of experimental vaccines. The current classification of rotaviruses is based on neutralization assays with polyclonal or monoclonal antibodies (13) . At least 14 G serotypes (VP7 protein) and 13 (not including subtypes) P serotypes (VP4 protein) have been identified by this approach (7, 15) .
Nucleotide sequence analysis of the VP7 and VP4 genes allows rotaviruses to be classified into a number of distinct genotypes. The G genotypes have been shown to consistently correlate with the VP7 serotypes (25) . The situation is more complicated for P genotypes because genotyping by sequencing has been carried out more extensively than serotyping by neutralization, and therefore correlation between the two methods is incomplete.
A number of assays based on PCR have previously been developed and used for the identification of nucleotide sequences common to different P and G genotypes. The genotypes were identified by a difference in the molecular weights of the DNA fragments synthesized in the presence of genotype-specific primers and separated by gel electrophoresis (8, 9) . The sensitivity of PCR amplification tends to be inversely related to its specificity, and as a result, DNA generated in a highly sensitive PCR assay often contains nonspecific products, making it difficult to interpret the resulting band pattern. In addition, genotype-specific PCR primers occasionally fail to amplify specific DNA from a particular isolate if there is a spontaneous mutation(s) in the primer-binding site. However, it may be possible to improve PCR-based genotyping by replacing the gel electrophoresis analysis of the PCR products with DNA-DNA hybridization. The DNA-DNA hybridization enables unambiguous detection of target sequences regardless of the possible presence of nonspecific DNA products and allows the use of PCR primers with broader specificity, permitting a more sensitive and robust amplification of a wider range of organisms.
The hybridization of DNA samples with miniature arrays (microchips) of immobilized gene-specific DNA or oligonucleotide probes has recently become a powerful tool for the quantitative study of gene expression (21, 22) , DNA resequencing (11, 17) , phylogenetic classification of bacteria (10) , mapping of genes (4) , and analysis of single-nucleotide polymorphisms (12, 19) . This format permits the simultaneous monitoring and analysis of a large number of genetic features in one easy hybridization experiment (20) . While cDNA microarrays are suitable for gene expression analysis and identification of known genes and organisms, microchips with short (8 to 30 nucleotides) synthetic oligonucleotides are more sensitive to small genetic differences, such as single nucleotide substitutions. Therefore, they are more appropriate for use in discriminating between microorganisms with minor genetic variations.
There are a number of different ways to make oligonucleotide microchips, including in situ synthesis of oligonucleotides directly on the microchip surface (16) and immobilization of presynthesized oligonucleotides. The former approach produces high-density microarrays but is expensive and requires highly sophisticated industrial equipment. The latter approach can use different methods for immobilization of presynthesized oligonucleotides on a solid support, such as modified or nonmodified glass surfaces (2), gold (24), a gel-covered surface (18) , or synthetic membranes (1) . All of these methods have both advantages and disadvantages and are currently used in different protocols.
In general, it is not uncommon for viruses of the same species or even serotype to differ by more than 30% at the nucleotide level, making their identification by whole-DNA hybridization inefficient. However, the degree of evolutionary conservation varies widely among different parts of viral genomes and within individual genes. This creates the opportunity for identifying highly conserved regions suitable for efficient and broadly specific PCR amplification of DNA from all members of a group and for finding regions unique for members of a particular genotype of interest. Thus, the use of short genotype-specific oligonucleotides appears to be a promising approach for classifying viruses with variable degrees of relatedness.
In this communication we describe a new approach to G genotyping of human rotaviruses based on hybridization with oligonucleotide microarrays. This includes finding appropriate regions within the VP7 gene that contain multiple sequence targets conserved among viruses of a particular genotype. These regions from the human rotaviruses were easily amplified by PCR with broadly specific primers and labeled with fluorescent dye. We developed and optimized protocols for the fabrication and use of microarrays with aminolink oligonucleotides immobilized on an aldehyde-coated glass surface. Finally, we present the results of a comparison of our new technique with conventional genotyping by PCR amplification.
MATERIALS AND METHODS
Rotavirus strains. Rotavirus strains grown and plaque-purified three times in MA104 monkey kidney cells were used as the source of genomic RNA. Cells were frozen and thawed three times to maximize virus yield.
RNA extraction and RT-PCR. Rotavirus double-stranded RNA was extracted from lysates of infected MA104 cells by using Trizol-LS reagent (Life Technologies, Rockville, Md.) according to the manufacturer's protocol with the following modifications to increase the yield of viral RNA. The extraction of doublestranded RNA was repeated twice with Trizol-LS, and the aqueous phases from the first and second extractions were combined. After isopropanol precipitation, the RNA was collected by centrifugation, dissolved, and reprecipitated with 75% ethanol at Ϫ20°C overnight in the presence of 0.3 M sodium acetate. RNA was collected by centrifugation, resuspended in RNase-free water, and used for reverse transcription (RT)-PCR.
Full-length cDNA copies of the rotavirus VP7 gene were synthesized by RT-PCR using primers Beg9 and End9 as described previously (9) with the following modifications. The samples were subjected to one cycle of reverse transcription (42°C, 45 min) and 30 cycles of PCR. Each PCR cycle included 1 min at 94°C, 2 min at 50°C, and 3 min at 72°C. Design of PCR primers and oligonucleotide probes. More than 150 sequences of the VP7 glycoprotein gene of human rotaviruses were obtained from GenBank and aligned with the ClustalX program (26) . This database included only human rotaviruses of all known G genotypes (14) . Regions of the rotavirus VP7 gene that were conserved among all the viruses were used to design primers for nested PCR amplification and synthesis of indodicarbocyanine (Cy5)-labeled single-stranded DNA samples for microchip hybridization. Other regions of the VP7 gene, conserved only among individual rotavirus genotypes, were used to design genotype-specific oligonucleotide probes. These probes were then immobilized on a modified glass surface to create the microchip.
The complete list of oligonucleotide primers, probes, and quality control oligonucleotides (see below) is shown in Table 1 . Oligonucleotide probes were selected by using the following criteria: lengths of about 20 nucleotides, melting temperatures between 65 and 75°C (calculated by using the nearest-neighbor algorithm) (3), and two or more mismatches with homologous sequences in other genotypes. In some cases, mixtures of nucleotides or inosine were used to cover all genetic variations within the genotype. During the automated oligonucleotide synthesis, the 5Ј end of each probe was modified by adding an aminolink group (TFA Aminolink CE reagent; PE Applied Biosystems) to enable covalent immobilizing on the aldehyde-coated glass surface. The synthesized aminolink oligonucleotides were purified by extraction with an equal volume of chloroform and precipitated with 10 volumes of 2% lithium chlorate in acetone (6) . This additional purification was used to remove traces of chemicals that could interfere with oligonucleotide immobilization.
Synthesis of Cy5-labeled samples of rotavirus cDNA. Fluorescently labeled samples for hybridization were generated by nested PCR with primers complementary to highly conserved target regions of the VP7 gene (see Table 1 ). Briefly, 25 l of a reaction mixture containing 1ϫ AmpliTaq PCR buffer with 1.5 mM MgCl 2 , 300 nM each primer, 20 M Cy5-dCTP, 20 M dCTP, 100 M each dATP, dGTP, and dTTP, 1 U of AmpliTaq polymerase (Applied Biosystems), and 0.1 l of PCR product from the first round of RT-PCR (see above) was subjected to 35 cycles of PCR. Each PCR cycle included 30 s at 94°C, 30 s at 50°C, and 60 s at 72°C. The resulting double-stranded DNA containing one biotinylated chain was immobilized on streptavidin-coated GenoPrep magnetic beads (GenoVision Inc.) according to the manufacturer's protocol. The beads were washed twice with 1ϫ TE (Tris-EDTA), and the single-stranded fluorescent probe was eluted by 50 l of 0.1 M NaOH at room temperature. The fluorescent probe was desalted by spin centrifugation through CentriSep columns (Princeton Separations) and concentrated by either ethanol precipitation or by vacuum drying. Finally, the fluorescent probe was resuspended in a small volume (5 l) of water; the probe concentration was measured with a UV spectrophotometer (Ultrospec 3100pro; Amersham Pharmacia Biotech, Inc.).
Synthesis of Cy3-QC oligonucleotide. The indocarbocyanine (Cy3)-labeled quality control (Cy3-QC) oligonucleotide was prepared by coupling the 5Ј-aminolink QC oligonucleotide with Cy3 monofunctional dye using a FluoroLink Cy3 dye kit (Amersham Pharmacia Biotech, Inc.) according to the manufacturer's protocol. The labeled product was separated from unincorporated fluorescent reagent by gel filtration through a Sephadex G-25 column in water. The efficiency of dye incorporation was determined by the UV-visible spectrum in the 220-to 700-nm range.
Microchip fabrication. Microchips were printed on silylated (aldehyde-coated) glass slides (3 in. by 1 in. [ca. 8 cm by 2.5 cm]; Cell Associate, Inc.) using a contact microspotting robot (Cartesian Technologies, Inc.) and a ChipMaker microspotting device with a single CMP-7 pin delivering approximately 2 to 3 nl of a spotting mixture per spot (TeleChem International, Inc.). To control the spotting procedure, each oligonucleotide probe was spiked with QCprb oligonucleotide of nonviral origin (see Table 1 ). The final spotting mixture contained 50 M genotype-specific oligonucleotide probe and 10 M QCprb in 0.25 M acetic acid.
A range of 70 to 75% humidity was maintained in an environmental chamber to prevent rapid evaporation of spotted drops and efficient coupling of aminomodified oligonucleotides with the aldehyde groups on the glass surface. Ten identical rotavirus arrays were printed on each slide, allowing us to simultaneously analyze 10 rotavirus samples on one glass slide. The size of spots did not exceed 250 m in diameter, and the distance between individual spots in arrays was 400 m. To prevent rapid evaporation of the oligonucleotide solution at lower humidity (40 to 60%), the spotting procedure can be performed in 50% dimethyl sulfoxide-water solution instead of acetic acid. Printed slides were dried for 20 min at 75°C. To make the bonds between oligonucleotides and the glass VOL. 40, 2002 GENOTYPING OF HUMAN GROUP A ROTAVIRUSES 2399 surface irreversible, the slides were incubated for 5 min in a freshly prepared 0.25% aqueous solution of NaBH 4 , followed by washing once with a 0.2% aqueous solution of sodium dodecyl sulfate (SDS) for 1 min and twice with distilled water (1 min) to remove unbound oligonucleotides. Microchips prepared according to this protocol can be stored for 2 months at room temperature. Microarray hybridization. Immediately before hybridization, single-stranded Cy5-labeled rotavirus sample and Cy3-QC oligonucleotide were mixed with an equal volume of 2ϫ hybridization buffer, containing 12ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 10ϫ Denhardt's solution, and 0.2% Tween 20 and denatured for 1 min at 95°C, followed by chilling on ice for 1 min. The final concentration of each fluorescent probe in the hybridization solution was usually above 0.1 M. This concentration ensures rapid and efficient hybridization of a fluorescent sample with immobilized probes. Aliquots (2 to 3 l) from each sample were applied to the microarray area and covered with a plastic coverslip (4 by 7 mm) to prevent evaporation of the sample during hybridization in the incubation chamber (ArrayIt). Hybridization was performed for 30 min at 45°C. Slides were then washed once with 6ϫ SSC containing 0.2% Tween 20 for 1 min at room temperature, once with 6ϫ SSC for 1 min, and once with 2ϫ SSC and dried by an air stream to completely remove any remaining solution.
Microchip scanning and data analysis. Microchip images were taken using a confocal fluorescent scanner ScanArray 5000 (GSI Lumonics) with green and red HeNe lasers (543 nm for excitation of Cy3 and 632 nm for Cy5). Fluorescent images obtained at 570 nm (Cy3) and 694 nm (Cy5) were analyzed using QuantArray software (Packard BioScience). Absolute values of Cy5 fluorescence signals obtained from each oligonucleotide probe were normalized to the Cy3 signal from the QC probe of the same spot to compensate for possible spot size variations. The final results are presented as the percentage of normalized signal from each probe to the total signal from all array probes.
Sequencing of rotavirus strains. To confirm the genotype of rotaviruses used in this study, the partial sequence of the VP7 gene of each strain was determined with an ABI Prism rhodamine terminator cycle sequencing reaction kit (PE Applied Biosystems) and an automated ABI Prism 310 genetic analyzer (PE Applied Biosystems).
RESULTS

Design of PCR primers for G typing of rotaviruses.
To identify regions of the VP7 gene that are appropriate for Gtype discrimination, more than 150 sequences of human rotavirus VP7 genes available in GenBank were aligned using ClustalX software and analyzed by using custom-made OligoScan software to identify regions appropriate for both the selection of PCR primers and genotype-specific oligonucleotides. The most conserved regions of the VP7 gene, suitable for selecting broadly specific PCR primers, are shown on the diversity profile (Fig. 1) . In addition to previously published highly conserved segments of the VP7 gene (9), we found other regions that could be used to design primers for the synthesis of fluorescently labeled DNA samples. One such region, LID1, was located at the 5Ј end of VP7 mRNA (nucleotides 48 to 70) and was used for forward PCR priming (see Table 1 ).
Three other conserved regions, 373 to 404, 529 to 557, and 922 to 941, were used to make reverse primers G-373, G-529, and G-922, respectively. The efficiency of each selected primer was tested by nested PCR amplification using 20 coded templates representing different rotavirus G genotypes (Table 2) . G9  G9  G9  5  Hosokawa  G4  G4  G4  6  McN  G3  G3  G3  7  McN  G3  G3  G3  8  1076  G2  G2  G2  9  Nemoto  G3  G3  G3  10  AJ  G2  G2  G2  11  AU32  G9  G9  G9  12  116E  G9  G9  G9  13  S2  G2  G2  G2  14  VA-70  G4  G4  G4  15  57M  G4  G4  G4  16  WI61  G9  G9  G9  17  DS-1  G2  G2  G2  18  Wa  G1  G1  G1  19  P  G3  G3  G3  20  ST3  G4  G4  G4 VOL. 
Downloaded from
The first round of RT-PCR was conducted in the presence of the conventional universal primers Beg9 and End9 (9) . Small aliquots of the first-round PCR amplification products were used as templates for nested PCR with different combinations of both newly designed forward and reverse primers. The results of amplification of the samples are presented in Fig. 2 . The forward primer LID1 was found to be efficient in combination with either reverse primer. After testing the newly designed primers, we selected LID1 and G-529 for the microarray assay. This primer pair ensured a high efficiency of amplification, and the resulting DNA segment (507 bp) contained a number of loci that can be used for genotyping all five clinically important rotavirus G types (G1 to G4 and G9). Two other reverse primers, G-373 and G-922, that we identified in this study can also be used for microarray assay when primer G-529 does not work efficiently.
Design of genotype-specific oligonucleotides. The length of the oligonucleotide probes was selected so that the melting temperature of the oligonucleotides was between 65 and 75°C. Only probes that differed at two or more nucleotides with homologous sequences in other genotypes were chosen. The genotype-specific probes are listed in Table 1 . All selected oligonucleotides are located within the most variable regions of the VP7 gene as previously identified (15) . Therefore, each rotavirus genotype was identified not by a single specific probe, but by an average of nine different ones. This redundancy is a major advantage over the conventional PCR genotyping technique, since it makes the assay more reliable and less vulnerable to spontaneous mutations that often occur in clinical isolates. G genotyping of viruses based on hybridization with multiple independent probes not only increases confidence in the results but also allows detection of small genetic differences between strains belonging to the same genotype (see below).
Design of rotavirus microarray. To simplify the analysis and facilitate the interpretation of the microarray data, all 1 to 10 oligonucleotide probes specific for the G1, G2, G3, G4, and G9 genotypes were arrayed in separate rows (Fig. 3) . The only exception occurred at the first two G3-specific probes, which were common for both the G3 and G9 genotypes, which were placed in the third row. Thus, the G9-derived fluorescent samples were expected to produce positive signals with the first two G3 probes in addition to the G9-specific probes placed in the fifth row. Quality control oligonucleotides were placed in the last row.
Design and fabrication of oligonucleotide microchips. There are a number of alternative protocols for the immobilization of oligonucleotides on a solid surface. We chose the method based on coupling oligonucleotides containing an amino group at the 5Ј end with an aldehyde-coated glass surface. The Schiff base formation between the amino groups of oligonucleotides and aldehyde residues on the glass surface is transient and leads to reversible complexes that can be stabilized by reduction with NaBH 4 .
To achieve efficient immobilization of aminolink-modified oligonucleotides with an aldehyde-coated glass surface, it was necessary to optimize the conditions for the binding reaction. Oligonucleotides synthesized with an automated DNA synthesizer contain traces of chemicals, most likely ammonia, which interfere with coupling. We found that an additional purification by chloroform extraction followed by acetone precipitation of the oligonucleotides resulted in an improvement of immobilization and spot morphology. We also found that adjustment of the oligonucleotide concentration to 50 M provided a robust, uniform, and specific florescent signal with low background.
The composition of the spotting solution and reaction conditions were found to be very important for ensuring the uniform size and good quality of the oligonucleotide spots. The low pH (3.0 to 4.0) of the spotting solution seems to be optimal for catalysis of Schiff base formation (23) . At 70 to 75% humidity inside the spot arrayer's environmental chamber, the oligonucleotide spots dry completely in about 10 to 15 s and undergo efficient immobilization (data not shown). Alternatively, a 50% dimethyl sulfoxide-water solution was used for spotting instead of acetic acid. This allowed us to perform spotting at much lower humidity (40 to 60%) and to repeatedly use the same source plate containing oligonucleotides without any visible change in their concentration. The main disadvantage, however, of both methods is the difficulty of visual control of the spotting procedure, since the tiny drops of oligonucleotides become invisible after drying. Therefore, we have developed the quality control system described below, which allows us to monitor not only for spotting uniformity but also for detection of potential irregularities during the hybridization step.
Quality control of microchip fabrication and hybridization process. Quality control is an important aspect of the microarray procedure, since the large number of microarray elements makes it impossible to inspect each microchip manually. To address this concern, we used a three-tier system of control. First, prior to spotting the oligonucleotides onto the glass surface, we spiked them with the reference oligonucleotide QCprb. The hybridization reactions always contained a mixture of rotavirus-specific sample and the oligonucleotide complementary to QCprb labeled with fluorescent dye (Cy3-QC). Scanning of the microchip at two wavelengths produced information about distributions of both specific and reference oligonucleotides (Fig. 3) . Uniformity of the latter ensures that the fabrication of the chip and hybridization do not result in irregularities. Since the amount of reference oligonucleotide should be identical in all the spots, the pattern of hybridization can be used for normalization of experimental values by expressing them as ratios of a specific signal to the reference signal (Fig.  4) .
The second aspect of quality control included additional spots of oligonucleotides complementary to one of the primers used for PCR amplification (the last two spots in array row QC, Fig. 3 ). These sequences must be present in the fluorescent sample prepared from any rotavirus genotype and provide a positive control for sample preparation and hybridization conditions. The absence of a positive signal from these spots indicates problems with either the fluorescent sample synthesis or hybridization conditions. Finally, the third quality control was a 21-nucleotide-long random heteropolymer containing all four bases (the first two spots in array row C, Fig. 3 ). This control was used to measure the background caused by nonspecific sample binding of a fluorescent probe to the oligonucleotide template. Analysis of coded samples. The ultimate validation of any diagnostic procedure involves testing of samples of unknown identity. The 20 samples used in this study were prepared in a different laboratory and submitted for microchip analysis in a coded form, and their identity was revealed to the operator only after results were finalized. All fluorescent samples for analysis were prepared as described in Materials and Methods. Use of a single-stranded rather than a double-stranded DNA sample resulted in a higher reproducibility of hybridization results and a lower background and, in addition, did not indicate a dependence of the fluorescent signal on the location of the probe in the sample DNA molecule, as observed previously (5).
To identify the rotavirus genotype, the fluorescent samples were hybridized to microarrays in 6ϫ SSC-5ϫ Denhardt's solution with 0.1% Tween 20 at 42°C for 30 min. Longer incubation times did not appear to affect the efficiency of hybridization. The microarrays were hybridized with singlestranded DNA prepared as described in Materials and Methods, and the fluorescent images of microarrays were taken with a confocal laser scanner at 633 and 543 nm (Fig. 3) . Since the thermodynamic parameters of oligonucleotide probes binding to sample DNA are slightly different, the fluorescent signals are not identical at any given temperature. Nonetheless, in all cases the fluorescence was observed in only one row of oligonucleotides corresponding to a certain rotavirus G genotype. All genotype-specific probes were highly discriminating, and there was very little cross-reactivity with samples of heterologous genotypes. Only a few exceptions were observed, e.g., the positive signals from the first two G3 probes (G3-1 and G3-2) due to virtually identical sequences between the G3 and G9 genotype sequences in the region of recognition by those FIG. 4 . Quantitative fluorescence (Cy5) profiles of rotavirus microarrays. Normalized fluorescent signals from each oligonucleotide are shown on the y axis. Numbered locations of probes are shown on the x axis. All G1 genotype-specific oligonucleotides have numbers from 1 to 10, G2 genotype from 11 to 19, G3 genotype from 21 to 29, G4 genotype from 31 to 39, and G4 genotype from 41 to 50. All fluorescence data were obtained from two or three independent hybridizations on different microchips.
probes. The G genotype of all 20 rotavirus strains used in this study was confirmed by direct sequencing of PCR fragments generated with the LID1 and G-529 primers. The results of this comparison are summarized in Table 2 . The assay correctly identified 100% of the samples.
In additional experiments with other rotaviruses, we successfully identified the genotype of strains that could not be determined by PCR-based methods (data not shown), possibly because of spontaneous mutations in the primer-binding regions. Since the primers that we used for sample preparation bind to more conserved parts of the rotavirus genome than the primers for genotype-specific PCR, amplification and fluorescent sample preparation steps were broadly specific and more robust than those of conventional PCR.
Subgenotype differentiation. As mentioned above, the intensity of signals from individual oligonucleotides specific to the same genotype differ, resulting in a varying pattern or profile of intensities. These profiles can potentially contain additional information about the presence of random mutations in individual viral isolates. To examine this possibility, we analyzed the microarray results quantitatively with QuantArray image analysis software. The results presented in Fig. 4 show that closely related rotavirus strains always had very similar patterns. For instance, the Ku and Wa strains (G1 genotype) had very similar profiles, with strong reactivity with oligonucleotide G1-2 and weak binding to G1-3. Another G1 strain, M37, reacted strongly with G1-3, while there was almost no binding to G1-2. As expected, the G3 genotype samples 6 and 7, representing the duplication of strain McN, showed virtually identical profiles, while the Nemoto and P strains differed from them but were very similar to each other. The Hochi, Hosakawa, 57 M, and ST3 strains of genotype G4 are highly homologous and had identical profiles, while strain VA-70 was somewhat different.
In some cases minor cross-reactivity between genotypes can be used as a signature inherent to a particular isolate. For example, strain Wa (G1) showed low but consistent crosshybridization with two probes of the G2 set. This is a characteristic feature only of strain Wa and distinguishes it from two other G1 strains, Ku and M37. This observation is consistent with the results of sequence analysis of strain Wa at the site of recognition by oligonucleotides G2-4 and G2-5. The Wa strain had only two mismatches, which were located close to the ends of those probes and diminished their discriminating ability.
DISCUSSION
Identification and differentiation of microorganisms have been and together remain an important task with numerous applications in clinical microbiology, epidemiology, biotechnology, forensics, etc. Over the past few decades, the focus of such methods has gradually shifted from analysis of whole microorganisms to the identification of their components, including proteins (immunological methods) and nucleic acids. Progress in molecular methodologies has led to an enormous increase in the sensitivity and specificity of such assays. The current state of the art in nucleic acid identification is represented by a variety of PCR-based methods, which are highly sensitive and can potentially amplify single molecules of DNA. PCR with primers unique to a species of interest results in selective DNA amplification, and the determination is made by the match between the size of the PCR-amplified DNA (usually determined by gel electrophoresis) and the size of the expected or reference DNA products. However, as the sensitivity of PCRs increases, nonspecific products tend to accumulate, complicating analysis and leading to ambiguities and misidentification.
Recently, a novel PCR-based method was introduced which takes advantage of a third oligonucleotide to confirm the identity of PCR products (TaqMan technology). However, this approach is limited to only one specific marker per reaction. Nucleic acid hybridization is highly specific and can be controlled by various reaction conditions. Combining the sensitivity of PCR and specificity of hybridization can create a new powerful identification tool. Since the invention of the Northern blot procedure, use of probes immobilized on a solid support has become a popular format for nucleic acid hybridizations. Over the years it has evolved into microarray hybridization, which allows simultaneous reactions with hundreds and thousands of individual probes immobilized on a solid surface or embedded in a three-dimensional gel matrix. This format is widely used for a variety of applications, including quantitative gene expression analysis, detection of singlenucleotide polymorphisms, gene mapping, and pathogen detection.
A widely used variant of microarray hybridization involves the immobilization of DNA fragments representing the different genes (or their parts) of a target organism and the subsequent hybridization of the microarray with samples under study. While this approach is very efficient for gene identification and quantification of mRNA profiles in cells and tissues, it is not suitable for the detection of minor genetic differences (low genomic divergence or single point mutations) between closely related species or for the identification of unknown pathogens. The immobilization of shorter DNA probes (oligonucleotides with lengths of 15 to 50 nucleotides) that bind to genomic regions, conserved among members of a certain group of interest, can provide a way to achieve the desirable balance between specificity and sensitivity. This approach could be used for rapid, high-throughput screening and highly specific genotyping of a variety of viral and bacterial pathogens characterized by substantial degrees of genetic diversity.
Recently, we have successfully used this approach for detection of virulence factors in Escherichia coli and other enteric bacteria (5), for genotyping of influenza B virus segments, herpesviruses, and orthopoxviruses, for the quantitative analysis of mutants in live mumps virus vaccine, and for the physical mapping of poliovirus recombinant genomes (unpublished data). This approach appears to be highly robust and informative and can be adapted to analyze a broad variety of microorganisms.
Here we optimized all steps in the protocol and found that commercially produced silylated slides can be used for efficient immobilization of aminolink-modified oligonucleotides to produce high-density microarrays. The use of acetic acid solution ensured optimal conditions needed for Schiff base formation and did not leave solid residues distorting the shape of the oligonucleotide spots. Hybridization with a fluorescent singlestranded DNA sample (instead of double-stranded DNA) increased the intensity of the resulting signals and improved reproducibility and specificity. The biotin-modified primer used for PCR amplification was used for strand separation and allowed us to obtain high-quality single-stranded DNA samples.
One of the major advantages of this method is that it shortens the time needed for completion of the assay. PCR amplification takes about 2 h, followed by strand separation, which can be completed in 20 min. The hybridization step is performed for another 20 to 30 min. The entire assay can be completed in less than 4 h (time required for the first-round RT-PCR is not included). More than 10 independent assays can be done on one glass slide, making this method a highthroughput tool suitable for large-scale genotyping.
Rotaviruses are double-stranded RNA viruses that cause disease in humans and animals. They are an important cause of morbidity among infants and young children in developed countries and a major cause of morbidity and mortality in developing countries in the same age group. The rotavirus genome consists of 11 segments of double-stranded RNA that code for viral proteins involved in RNA replication and viral capsid formation. Two of the outer capsid proteins, VP4 and VP7, are immunogenic, and antibodies to these proteins play major roles in antiviral immunity. A number of distinct serotypes exist for each of these antigens. It appears that serotypespecific protection is important, thus complicating vaccine development. Rotaviruses are capable of highly efficient reassortment by exchanging individual genomic segments, further increasing their diversity. Analysis of the epidemiology and molecular evolution of human rotaviruses is an important part of the strategy for containment of the disease and requires methods that enable rapid and accurate genotyping of field isolates. In addition, rapid genotyping methods could facilitate the creation of novel reassorted attenuated strains that will aid in the analysis of samples obtained during clinical trials of experimental vaccines.
In the present study we combined the hybridization of fluorescently labeled single-stranded DNA prepared by broadly specific PCR amplification with microarrays of immobilized oligonucleotides. By comparing a large number of VP7 gene sequences of rotaviruses isolated from different mammalian species, we found that the LID1 and G-529 primers can amplify most rotavirus genotypes, potentially making this approach an important addition to assays used for the classification of rotaviruses. Multiple oligonucleotides conserved in individual rotavirus genotypes were selected for the G1, G2, G3, G4, and G9 genotypes. Our analysis also showed that it might be possible to design sets of oligonucleotide probes that would discriminate among all known mammalian rotavirus G and P genotypes.
We have demonstrated that the genotype-specific oligonucleotides unambiguously identified different genotypes of human rotaviruses. The use of these oligonucleotides for solidphase hybridization in a microarray format, with fluorescently labeled DNA amplified by PCR with highly conserved and thus broadly specific primers, proved to be an efficient tool for rapid genotyping. Several features make this approach very efficient. The use of multiple probes ensures a high redundancy of results, thereby increasing confidence in the genotype determinations. This redundancy is especially critical with viruses that mutate rapidly and therefore lose some of their diagnostic markers. The use of highly conserved primers for PCR amplification and for the preparation of fluorescent hybridization samples allows us to develop an amplification protocol resulting in the highest sensitivity and specificity without producing nonspecific DNA. In addition to unambiguous discrimination among rotavirus genotypes, the approach described in this communication can become a versatile tool for genotyping other viruses and bacteria.
